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IN@RIET AT ANTIC TROPICAL EY.CEEINES

* Recent increase In activity

* Including extreme 2004-2005 seasons

* Why! Implications for future?

Main Development Region SSTs

10-yr running means: Aug-Oct: 1881-1920 ref: IPCC AR4 A1B Scenario: 21 models (in each case, ensemble of available runs)
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PDI Anomaly (10" m3 s2)

PDI Anomaly (10" m3 s2)

ONE TEMPERATURE PREDICTOR OF ATLANTIC HURRICANE ACTIVITY
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Interpretation 1: How much will the Atlantic warm?
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PDI Anomaly (10" m3 s2)

PDI Anomaly (10" m3 s2)

TWO TEMPERATURE PREDICTORS OF ATLANTIC HURRICANE ACTIVITY
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Interpretation 1: How much will the Atlantic warm?

Observed Hurricane
Activity and fit to
absolute warming
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PDI Anomaly (10" m3 s-2)

PDI Anomaly (10" m3 s2)

TWO STATISTICAL PROJECTIONS OF ATLANTIC HURRICANE ACTIVITY
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Interpretation 1: How much will the Atlantic warm?

Statistically-based
Observed Hurricane projections
Activity and fit to
absolute warming

-2.0 - -
IIIIIIIIIIIII IIIlIllllVIllll||I||||||||llllllllllllllllllllllllllllllllIlllllIllllllllllll’III|I|II|I|I|II|II|IIII|llllllllllllllllllllllllll|llllllllllll
1960 1980 2000 2020 2040 2060 2080 2100
IIIIIIIIIIIII IIIIIIlIIIIIIIIIIIII IIIIIlIIllIIlIIIIII lIIIIIlIIlIIIIIIIlI llIIIIIIIIIIlIIIIII lIIIIIlIIIIIlIIIIII INNNENRERRNENANNNNE] IlIIIIIllIIIIIIIIIII
@ Interpretation 2: How much more than the rest of the tropics will the Atlantic warm?
10.0 - v L

8.0 —

o
o
|

Observed Hurricane

| Activity and fit to

relative warming

Statistically-based
g ﬁ‘ E 9 projections

[

N

s}
|

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll I|l||||lllllllllllIIIIIIIIIIIllllllllllll|l|l||llIlllllllllll
1960 1980 ZOOO 2020 2040 2060 2080 21

00

Observed Activity
Absolute Atlantic
Temperature

Observed Activity
Relative Atlantic
Temperature

Vecchi, Swanson and Soden
(2008, Science)



OUTLINE

« Historical Atlantic TS & Hurricane Record

» Downscaling Techniques

» Attribution of Recent TS Frequency Increase
« Response of Hurricanes to Radiative Forcing

* Internal Climate Variability and NA Hurricane Frequency

* Note of caution

* Summary



Annual North Atlantic Hurricane Count

RECORDED NA HURRICANES SHOW CLEAR INCREASE

But was there really an increase!?
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(a) Original HURDAT
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Vecchi and Knutson (2010)



ABILITY TO OBSERVE CYCLONES HAS ALSO CHANGED WITH TIME:
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OBSERVED NA HURRICANE FREQUENCY CHANGES

NA Basinwide Hurricane Record
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(b) Adjusted with missed hurricane estimate
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Various efforts to homogenize instrumental TC record (e.g., Landsea 2007/, Chang and Guo
2007, Mann et al 200/,Vecchi and Knutson 2008, Landsea et al 2010, Vecchi and Knutson 2010).
Data Archeology and Paleo-proxy Indicators Complement Instrumental Records

(e.g., Chennoweth and Divine 2008, Mann et al 2009)






Tropical storms (annual)

Hurricanes (A ug.—Oct.)

DYNAMICAL MODELS EXHIBIT SKILL IN
SEASONAL BASIN-WIDE HURRICANE FREQUENCY

Statistical-dynamical hybrid model

Emanuel et al (2008, BAMS)
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SKILL IN CENTURY-SCALE SS

-FORCED AGCM HINDCASTS

Using 00km version of Zhao et al (2009, J. Clim.) AGCM
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HIRAM C 180 (AND OBSERVATIONS + CONTROLS TO LARGE-SCALE)
SUGGEST RELATIVE SSTA AS A PREDICTOR

North Atlantic
15 ‘

0 CNTL(R)

] ENSEMBLE(R)

O cMm21(R)

[0 HADCM3(R) *
ECHAM5(R)

O CNTL(H)

H () ENSEMBLE(H)
CM21(H)

8 HADCM3(H)
ECHAM5(H)

* AMIP-AVG N
*  AMIP-annual

Relative SSTA =
Atlantic SSTA minus
TroplealfsEr

—
o

annual hurricane count

o

*
(.
O

> 05 0 05 :
T,- T, (K
Ao eoicaa (20077 Climate s Zhiaeietia s (2 OlICE MvIREO Hios)
&
Latif et al (2007, GRL),Vecchi and Soden (2007, Nature), Knutson et al (2008, Nature Geoscl.),
Swanson (2008, G3),Vecchi et al (2008, Science), Villarini et al (2010, MWR)....



Count (uncorrected)

Count (corrected)

Build statistical model of basin-wide tropical storms using
Atlantic and Tropical-mean S5T as covariates
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Atlantic SST increases frequency.

Tropical-mean SST reduces frequency.
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ATTRIBUTION OF RECENT NA TROPICAL STORM
FREQUENCY INCREASE
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Almost a doubling In TS and hurricane frequency after 1994.
What were the key factors?



NATS Frequency (#/year)

ATTRIBUTION OF RECENT TS FREQUENCY INCREASE

IN NORTH ATLANTIC

| O0km GFDL-HIRAM AGCM recovers recent NA TS Trend when
forced with HadISST.vI SST
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HadISST.v1 SST Forced (6 ens.)
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1982 1986 1990 1994 1998 2002 2006 Vecchi, Zhao and Held

(2011, in prep.)



North Atlantic TS Count

NA TS INCREASE NOT DRIVEN BY UNIFORM COMPONENT OF
RECENT SST WARMING

3-Member Ensemble
without tropical-mean
anomalies.

| | | | | | |

6-Member Ensemble
with full SST forcing.

| 00km AGCM
1982-2007 North
Atlantic tropical storm
count not sensitive to
removing tropical-mean

SSTA forcing.

0.0 , , [ , , , . , : , , ! Vecchi, Delworth, Zhao and Held
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o ND [995-2007 PDFS OF NA TSTC @ISR

* lasting two days or more
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0.16 —

0.12

0.08

0.04

0.08

0.04

0.00

OBSERVED ATLANTICTS COUNTS

C90 ATLANTICTS COUNTS

N A N MR (N NN N R M N AN R N A MR N M |
1982-1994
w=6.9231; 02=6.6864 0.16 — u=6.9872; o_=8.0639
N / u=11.231; 0%2=13.562 N p=10231; o°=12,178]_
<4
_ 0.12 —
- 0.08 —
— , 1995-2007 —
- J 0.04 —|
T — T T T T T KX T ] 0.00 T T T B A
0 4 8 12 16 20 24 0 4 8 12 16 20 24
050 AN N N (NN NN SN (N NN SR M
AN T NN NN NN NN NN NN N R N PR .
| u=6.2821; 07=6.3563| u=11.3; 02=2.61
w=9.9487; 02=15.536 0.16
0.12 4
0.08
0.04 —H
0.00 i —
0 4 8 12 16 20 24 0 4 8 12 16 20 24

C90 ATLANTICTS COUNTS - no mean SSTA

C90 ATLANTICTS COUNTS -
no mean SSTA and no interannual

Vecchi, Delworth, Held and
Zhao (2011, in prep.)



AMO Departure

SHIFT IN MEAN TS COUNTS ATTRIBUTABLETO “AMQO” SST CHANGE ACROSS 1994-1995

What drove this SST change!? Internal variability? Aerosols? Combination?

1995-2007 minus 1982-1994 “AMQO" SSTA Forcing

Response to decadal shift
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FESEINIRIINCREASE NOT ROBUSTLY “"FORCED" IN CMIFSH M@ EEE

Recent trend in statistical hurricane model applied to CMIP3 20c3m runs

1960-2000 Trend in Hurricane Freq. Index

from 20C3M CMIP3 Models 1976-2000 Trend in Hurricane Freq.Index from 20C3M CMIP3 Models
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RESPONSE OF NA TS FREQUENCY
TO RADIATIVE FORCING



DIVERGENCE OF 2 | ST CENTURY PROJECTIONS OF TS FREQUENCY

* Even sign of NA TS frequency response to GHG unclear:
Not big help in decadal predictability (yet?)

* Various studies downscale different coupled models, and over
different periods
Anthropogenic-Influence: Projected 21s Century Changes in NA TS Frequency
90.000%
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45.000%
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-22.500% I I Knutson et al (2008)
Zhao et al (2009)
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|s there any consistency In the various projections?



latitude

latitude

2 15T CENTURY HURRICANE ACTIVITY CHANGE: FOUR POSSIBILITIES
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Regional increase/decrease much larger than global-mean.
Pattern depends on detalls of ocean temperature change.

Sensitivity of response seen in many studies
e.g., Emanuel et al 2008, Knutson et al 2008, etc



DYNAMICAL MODELS EXHIBIT CONSISTENT RELATIONSHIPTO MDR AND
TROPICAL SSTS - ALL CONSISTENT WITH OBSERVATIONS

B Knutson et al. (2008), Knutson el & {2010)
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Poisson model of 2-day duration TS (vertical) vs.
dynamical downscaling results (horizontal)
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..ADD DYNAMICAL PROJECTIONS OF ATLANTIC HURRICANE ACTIVITY
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Fraction of total variance

NA HURRS PROJECTIONS: INTERNAL VARIABILITY A PRIMARY
SOURCE OF UNCERTAINTY EVEN IN [O0O-YEAR TRENDS

TS COENEE

TEMP Fraction of total variance
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(adapted from Villarini et al 201 |, in press)



STRONGEST CYCLONES PROJECTED WITH DOUBLE DOWNSCALING

y_ - ¢ »
2) Regional model bro}ngu
change in hurricane colints

from climate model Sutput.

ojects g‘x,:

Adapted from
Bender et al (2010, Science)

Global Climate Models -> Regional Model -> Hurricane model
Large-scale 15 [Freguenicy Intensity



OVERALL FREQUENCY DECREASE, BUT STRONGEST STORMS MAY BECOME MORE FREQUENT

Projected Changes in Atlantic Hurricane Frequency over 21st Century

bars indicate best estimate, dots indicate alternative estimates.
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INTERNAL CLIMATE VARIABILITY AND
NORTH ATLANTIC HURRICANES

Apply statistical model for NA hurricane frequency

built from sensitivity of 50km AGCM to 4,000 years
SREED|C M| output.

Statistical model uses two predictors:
Tropical Atlantic SST
Global Tropical SST



STATISTICAL STORM COUNTS IN GFDL CM2. | PREINDUSTRIAL-CONTROL RUN
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B iteecal TS Counts in 2,000 year CMZ0 S CEfiERE]

Power Spectrum of Atlantic Basinwide Storm Counts
Projected by Villarini Model from GFDL-CM2.1 Preindustrial Control (1st 1000 years)
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Statistical counts and meridional ocean heat transport

Key region for relSSTA variations
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HURRICANE-RELEVANT LARGE-SCALE CONDITIONS
CO-VARY CONSTRUCTIVELY WITH RELATIVE-SST

Interannual Correlation of Large-Scale Conditions to Relative-SST (Aug-Oct - CM2.1 1860 Control)
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SENSITIVITY TO SST UNCERTAINTY

f AGCM sensrtivity (and relative-55T statistical
models) correct:

We may need to predict decadal SST changes

better than we know past changes.
(even over the satellite-S5T era; 1982-2010)



ABILITY OF AGCMTO RECOVER MULTI-DECADAL TS VARIABILITY
DEPENDS ON SST FORCING

12 (a) Observations (dark IBTrACS, light adjusted)

11
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Observed

Mean Seasonal TS Count in Epoch

W~ OO N © ©

1880-1903 1904-1929 1929-1965 1966-1994 1995-2007
2(b) HadISST-forced AGCM (95% confidence interval on single realization)
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Vecchi, Zhao and Held (201 1, in prep.)

Mean Seasonal TS Count in Epoch
W A OO O N O © O =
—'

1880-1903 1904-1929 1929-1965 1966-1994 1995-2007



MODEL RESPONSE EXHIBITS SENSITIVITY TO FORCING USED

Tropical Storm Frequency Response to Same
& EENEONCdiErent estmates olfobsericaioSil

HadlSST forced NOAA-OIl.v2 forced

s | HadISST.v1 SST Forced (6 ens.) | ... NOAA-OLv2 SST Forced (4 ens)
| Obs | Obs
16.0 — AGCM - 15,0-AGCM
12.0 — . 12.0 —
8.0 —
4.0 - n 4.0 —
0.0 T T T T T T T T T T T T a0
1982 1986 1990 1994 1998 2002 2006 1982 1986 1990 1994 1998 2002 2006
AGCM is 100km version of Zhao et al (2009, J. Clim.) Vecchi, Zhao and Held (201 1,in prep)

How do we evaluate model skill in this context!



SUMMARY
» 1982-2007 TC increase in NA due to pattern of SST change

(what drove pattern? Not robustly associate with forcing in CMIP3 models; consistent with internal
variability in CMIP3 models)

 Hybrid hurricane forecast system exhibits skill from November of
previous year

* Projected radiative forcing not big source of predictability in frequency.

* Internal variability and systematic model differences dominant source of
uncertainty even in |00-year trends.

* In CM2.| decadal hurricane frequency variability associated with tropical
Atlantic oceanic changes.

* If sensitivity in high-res GCM correct, may need to predict decadal SST
patterns better than we know past changes.

Gabriel A.Vecchi@noaa.gov
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Hurricane Index Correlated 20 :
with max(MOC) at lowest o —
frequencies (centennial). 3 _

g 0.30: :

| :%é 0.20: :

At decadal timescales perhaps ]
related to shifts in MOC max & ot S 30 508 T

10 30 50 70

S h al | OW C h aﬂgeS. Smoothing Length (Years)

_ Correlation MOC XPort to Hurricane Index Regression MOC XPort to Hurricane Index
CM2.1 Mean Atlantlc MOC XPOI’t (SV) (Five_yea r) (Five_year] Sv/Hurrica ne)

: 24 o L : _ E
2 ] ena v‘ | s = — N\
1 E | w N i I~ N
¢ 0.8 N A 1
w,
I
!y!

0

1000 1000 — = 1000 —

= 1, r ' 0.6
12 | - 0.5
0.4

16 g . i 0.7 @

6 2000 - I -3 2000

L~
,g 4 f% 0.2 = L~"6.
E — RS . L 0.1 £ A L
= L= 0 T
= z x
0 T[] 2 & 3000 -H-0.1 & 3000 -
o o o

=3 -0.2
-0.3
-0.4
-0.5
-0.6
-18 -0.7

5000 — -0.8 5000 —
-0.9

4000 —

4000 — 4000 —

S

-14

5000 — —

| |
I I !
CNEEE. DENNEEENNEEED
| |
I I I I
| |
r
I | I I
(T TN T [T T [ 71T [TTNATTITT]T]
HAENEE RN

20°s 0° 20°N 40°N 60°N 80°N 20°S 0° 20°N 40°N 60°N 80°N 20°S 0° 20°N 40°N 60°N 80°N



FEERDI=CM, [ PERFECT MODEL/PERFECT OBS, EXPERIMENIES
MOC PREDICTABILITY APPEARSTO VARY (SEE POSTER #5)
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FEERDI=CM, [ PERFECT MODEL/PERFECT OBS, EXPERIMENIES
MOC PREDICTABILITY APPEARSTO VARY (SEE POSTER #5)
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COMPARING TWO CASES IN CM2. 1
HURRICANE INDEX HAS SOME PREDICTABILITY WHEN MOC DOES

Idealized Predictions of MOC
Msadek, Dixon, Delworth and Hurlin (2010)
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SEASONAL HURRICANE FREQUENCY FORECAST SCHEME

» Build a statistical emulator of HIRAM-CI 80, training on AGCM
response to broad range of climates (projections, past climate,
idealized forcing)

* Iwo predictors:
* SSTMpRr (SST anomaly 80°W-20°VWV, |0°N-25°N)
* SSTrrop (SST anomaly 30°5-30°N)

s = S Biorecast models (GFDL-CM2. | and NCER-CES [ iClBIic sl
two Indices

« Convolve PDF of SST forecasts with PDF from statistical model.



Annual Hurricane Counts

FIT OF HIRAM-C |80 EMULATORTO OBS. PERFORMS WELL

Application of Hurricane Frequency Statistical Model to Observed SST Indices
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HIRAM-C 180 with full SST gives r=0./8, RMSE=1.9 |
Cannot justify additional predictors at this time

Vecchi et al. (2010, MWR submitted)



STATISTICAL-DYNAMICAL HURRICANE FREQUENCY
RETROSPECTIVE FORECASTS INITIALIZED JANUARY EXHIBIT SKILL

Monthly forecasts 30-member lagged ensemble forecasts
P E——————ee ey e - o ) ] | N (S Y e S e S RS R E S L
(a) January Forecast: (b) January Forecast:
— CM2.1:r=0.66, rmse=2.28 — -1 CM2.1:r=0.57,rmse=2.47 * I

Annual Atlantic Hurricane Count
Annual Atlantic Hurricane Count
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Observed NOAA-GFDL-CM2.1 dynamical forecast 50% confidence range
+ Individual ensemble == NOAA-NCEP-CFS dynamical forecast 75% confidence range
member mean. —— Two-model average forecast 90% confidence range

Vecchi et al. (2011, MWR in press)



1982-2009 Correlation

HYBRID (STATISTICAL-DYNAMICAL) FORECAST SYSTEM EXHIBITS
POTENTIAL FOR MULTI-SEASON LEAD FORECASTS

(a) Retrospective Correlation Monthly Ensemble Atlantic Hurricane Forecasts (b) Retrospective Correlation Lagged Ensemble Atlantic Hurricane Forecasts
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s the historical Atlantic TS record consistent with dynamical model
projections of a weak (and possibly negative) sensitivity to warming?

16

Change in Storm Frequency - ZETAC 21st Century
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ATLANTIC TROPICAL STORMS (< 2 DAY DURATION) SHOW A STRONG TREND.
STORMS OF >2 DAY DURATION - ADJUSTED FOR “MISSING STORMS'' -
DO NOT SHOW ATREND.
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Adapted from Landsea et al (2010, J. Climate)



